Microbial infections are dependent on the panoply of interactions between pathogen and host and identifying the molecular basis of such interactions is necessary to understand and control infection. Phage display is a simple functional genomic methodology for screening and identifying protein-ligand interactions and is widely used in epitope mapping, antibody engineering and screening for receptor agonists or antagonists. Phage display is also used widely in various forms, including the use of fragment libraries of whole microbial genomes, to identify peptide-ligand and protein-ligand interactions that are of importance in infection. In particular, this technique has proved successful in identifying microbial adhesins that are vital for colonization.
Phage display technology
Display on filamentous phage One of the first genetic techniques developed to study protein-ligand interactions was phage display, described by Smith in 1985 [1] . This method displays recombinant peptides or proteins on the surface of phage particles, which can then be selected for ('panned' for - Figure 1 ) by enabling the phage to interact with selected immobilized ligands. The power of phage display lies in its ability to: (i) maintain a physical link between the displayed protein and the DNA sequence encoding it; and (ii) screen libraries containing billions of unique peptides and proteins. Escherichia coli filamentous phage of the Ff class including strains M13, fd and f1 have been extensively used to develop and exploit this technology. These phage are composed of a circular single-stranded DNA genome that is encased in a long tube composed of thousands of copies of a single major coat protein, with four additional minor capsid proteins at the tips (Figure 2 ).
Phage display involves the fusion of foreign DNA sequences to the phage genome such that the resulting foreign proteins are expressed in fusion with one of the coat proteins. Although all five coat proteins have been used to display proteins or peptides, gene VIII protein (pVIII) and gene-III-encoded adsorption protein (pIII) are by far the most commonly used [2] . A viable wild-type phage expresses w2700 copies of pVIII and 3-5 copies of pIII ( Figure 2 ) [3] , although this does depend on the size of the phage genome.
Phage display libraries can be constructed using vectors based on the natural Ff phage sequence (i.e. phage vectors) or by using 'phagemids', which are hybrids of phage and plasmid vectors [2, 3] . Such phagemids are designed with the origin of replication (ori) from the Ff phage, a plasmid origin of replication from E. coli, gene III and/or gene VIII for fusion formation, a multiple cloning site and an antibiotic resistance gene [2] . However, they lack all other phage genes that encode the structural and non-structural proteins that are required to produce a complete phage. Phagemids can be grown as plasmids in E. coli and packaged as recombinant Ff phage DNA with the aid of helper phage, which provide all of the necessary components for phage assembly.
Filamentous phage versus alternative systems for phage display
The key feature of filamentous phage (as applied to phage display) is that, in contrast to the lytic bacteriophages, filamentous phage are assembled in the cytoplasmic membrane and secreted from infected bacteria without cell lysis [2] (Figure 3 ). However, the characteristics of the filamentous phage life cycle has limitations for the display of proteins, the properties of which prevent the correct transfer of the hybrid capsid protein across the lipid bilayer of the inner membrane of E. coli [4] . Alternative bacteriophage display systems have been developed using bacteriophage such as T4, T7, l [4] and P4 [5] , which have lytic life cycles so that the proteins of the phage capsids are assembled and folded in the cytoplasm rather than being secreted through the membrane [4] .
Display of proteins encoded by cDNA fragments on phage
Because the most common approaches to phage display (described earlier) involve N-terminal fusion to the gene III or gene VIII products of filamentous phage, they are unsuitable for surface expression of proteins coded by intact cDNA inserts that have stop codons [6, 7] . Hence, most phage libraries of cDNA fragments are constructed in alternative display systems. However, a modified filamentous phage display system based on the highaffinity interactions between the Jun and Fos leucine zipper proteins was developed by Crameri and Suter [6] . In this system, the Jun leucine zipper protein is fused to the N terminus of the pIII coat protein so that the Jun protein is displayed on the surface of the phage, and the cDNA libraries are cloned as a C-terminal fusion to the Fos leucine zipper protein [8] . The pIII-anchored Jun protein is bound by the soluble Fos fusion in the periplasm, thus, the cDNA-encoded protein is bound indirectly to pIII.
Natural peptide libraries versus random peptide libraries
There are two types of phage display library: random peptide libraries (RPLs) and natural peptide libraries (NPLs). The repertoire of peptides displayed in RPLs is encoded by synthetic random degenerate oligonucleotide inserts [9] [10] [11] and these libraries have been extensively used to identify linear antigenic epitopes (see later). The advantage of this type of library is their universal nature, which enables many applications of each library. The main disadvantage of RPLs is that, because of the way in which they are constructed, peptide sequences that are not found within the antigen or intact pathogen can be displayed [12] . By contrast, NPLs are constructed from randomly fragmented DNA from the genomes of selected organisms such as pathogenic microbes. Thus, the phage particles in these libraries display fragments of natural proteins. Although the majority of clones in NPLs are nonfunctional (only one in 18 clones will be correctly in frame with the vector sequences: one clone in three will start correctly, one clone in three will end correctly and one clone in two will be in the correct orientation), peptides or proteins selected from NPLs are more successful in eliciting an antibody response that crossreacts with the native intact pathogen than those selected from RPLs [13] . Therefore, NPLs provide important alternatives to RPLs for applications such as the identification of vaccine components and, recently, have been used effectively in the identification of bacterial adhesins (see later).
Phage display and infectious diseases
Phage display technology has been used in a wide variety of applications including: the identification of peptide agonists and antagonists for receptors [14] , the Review identification of targets for the inhibition of tumourspecific angiogenesis [15] , the identification of peptide drug candidates [16] , vaccine development [17] and the isolation and engineering of recombinant antibodies [18] . However, in recent years, numerous studies have used phage display to address specific aspects of infectious disease. The purpose of this review is to focus on the growing number of ways in which phage display technology can be applied to the study of infectious diseases and to evaluate the impact of the use of this technology.
Investigation of host-pathogen interactions
Infectious diseases are absolutely dependent upon hostpathogen interactions, the extent of which determines the infectious process both for the pathogen and the host. As discussed later, epitope mapping of infectious agents has been used by numerous research groups, particularly to focus on the bacterial adhesins that enable host colonization. Phage display technology has been used to good effect in malaria research to investigate host-pathogen interactions in both hosts of the malaria parasite: Homo sapiens and the mosquito Anopheles. Panning of a Plasmodium falciparum (the causative agent of malaria) cDNA phage display library against immobilized human erythrocyte membrane proteins identified seven parasite proteins that are potentially involved in the entry into or exit from human erythrocytes by P. falciparum [19] . Such proteins could become vaccine targets.
The search for the mechanisms used by Plasmodium species to cause infection has also prompted novel uses for phage display libraries. The Plasmodium parasite completes its life cycle in the mosquito and it is this interaction, rather than that of the human host, that has been investigated by Ghosh et al. [20] . Because the development of the Plasmodium parasite in the mosquito involves the crossing of both midgut and salivary gland epithelia, this study investigated the hypothesis that such trafficking requires specific host-pathogen interaction. A phage display library of random dodecapeptides fused to the N terminus of phage coat protein VIII was injected into Anopheles, followed by dissection of the organs of interest and elution of bound phage. A 12-residue peptide from the eluted phage was identified and designated 'salivary gland and midgut peptide 1 (SM1)' [20] . This peptide strongly inhibited Plasmodium invasion of salivary-gland and midgut epithelia, thereby hindering the development of the parasite in Anopheles. This study illustrates another variation of phage display technology -the use of phage display libraries to investigate specific phage-binding targets within the whole organism. In vivo panning was first described by Pasqualini and Ruoslahti [21] , who isolated phage-displayed peptides that bound to vascular beds in vivo. To date, there are limited reports of such in vivo panning but this could have an important future role for the identification of specific tissue receptors for microbes or their products.
A variation on this theme is the panning of phage display libraries against ex vivo biomaterials that have been used in a range of clinical applications including prosthetic heart valves and intravenous catheters. Bacteria such as Staphylococcus aureus and Staphylococcus epidermidis are frequently isolated from biomaterial infections [22] . A phage display library constructed from the genomic DNA of S. aureus was panned against a central intravenous catheter that had been removed from a patient [23] . Numerous clones from the S. aureus library were recovered through panning and, after the second and third rounds, the enriched phage encoded fragments of bacterial proteins known to bind to fibrinogen and b 2 -glycoprotein I, which, unsurprisingly, were the most abundant host proteins deposited on the catheter. Laminin-binding motifs in the surface virulence factor [plasminogen activator (PLA)] of Yersinia pestis were mapped by Benedek et al. [24] using an RPL. This approach involved identification of phage-displayed amino acid sequences that bound to laminin, then comparison of these sequences to the sequence of PLA to identify the specific binding site of PLA to laminin. This study demonstrates how phage display can be used to map specific binding sites within a protein of interest.
Epitope mapping and identification of potential vaccine candidate antigens
The term epitope can be used to describe the contacting points of any molecular interaction but it is more often used to describe the region on an antigen that elicits an immune response. The identification of epitopes from microbial pathogens has obvious importance in the study of infectious disease, particularly for the development of novel vaccines. Phage display technology is especially suited to epitope mapping and has been widely used in infectious-disease research (for review, see Ref. [17] ).
Much of the work on epitope mapping and identification of mimotopes of infectious agents has used RPLs. Mimotopes are peptide sequences that are capable of inducing immune responses by mimicking the structural features of a non-linear protein epitope or of a non-protein (e.g. carbohydrate) epitope structure. These libraries have been panned against immune sera to identify diseasespecific epitopes. Selected examples of these applications are listed in Table 1 . In addition, phage display has successfully identified peptide mimics of polysaccharides. This approach has important implications for the development of novel vaccines against encapsulated bacteria because the polysaccharide capsules of these bacteria are often antigenic. Peptide mimics of the capsular polysaccharide of three of the Neisseria meningitidis serotypes A [25] , B [26] and C [27] have been identified using RPLs. The results of these studies are encouraging in that the mimotopes identified in this way did elicit immune responses in murine models and could be useful in the development of novel vaccines against this bacterium.
The pathogenesis of S. aureus has been investigated by panning an RPL against the RNAIII-activating protein (RAP), which autoinduces toxin production in this bacterium [28, 29] . Initial work demonstrated that selected peptides could attenuate infection by S. aureus in murine models [28] . More recent studies have identified a peptide mimic for the RAP protein that, when displayed on E. coli and used to vaccinate mice, prevented mortality caused by S. aureus infection [29] .
Infection with Pseudomonas aeruginosa is a major problem in patients with cystic fibrosis (CF). The development of vaccines against this organism must take into account that antibiotic treatment of chronic P. aeruginosa infections rarely results in clearance of the bacterium. This is in contrast to treatment of early P. aeruginosa infections in which the bacteria can be eradicated [30] . Antigens expressed early in P. aeruginosa infections of CF patients were investigated by panning an RPL against sera from non-infected and infected patients [31] . In conjunction with gene-array data and bioinformatic analysis, this study identified several genes that encode secreted proteins and outer-membrane proteins that are potential targets for vaccine development against P. aeruginosa infection [31] . Alterations in the panning technique used, such as subjecting the library to initial negative selection, further increases the potential uses of these libraries. Gnanasekar et al. [32] constructed a T7 phage display library of the cDNA of the parasite Brugia malayi (a causative agent of lymphatic filariasis). To ensure that the clones of interest (i.e. those binding to infection-specific antibodies) were enriched, the phage library was first subjected to three negative-selection steps using non-infected human sera followed by a positive-selection step using sera from patients infected with B. malayi. Further experiments revealed that one of the five antigens identified using this strategy, B. malayi Isolation of phage clones that were antigenic mimotopes of B-cell epitopes of M. tuberculosis sugars. One clone invoked immune responses in rabbits [53] Review NIP3-like protein, conferred protection against challenge infections in animal models [32] . Single chain variable fragment (scFv) libraries have been used in several ways to study infectious diseases. Identification of specific scFvs that bind to microbial antigens forms the basis for the development of novel vaccines and diagnostic reagents [3] . Panning of a scFv library against purified severe acute respiratory syndrome-associated coronavirus (SARS-CoV) identified two antibody fragments that bind to SARS-CoV with high specificity [33] . These could potentially be used in the development of detection assays for the virus or to elucidate potential vaccine candidate antigens. Phagedisplay scFv libraries have also been used successfully to develop immunodiagnostic and detection methods for microbial products or spores. One of the most impressive aspects of these applications is the high specificity of selected clones for the microbe. For example, panning of a scFv library against spores of Bacillus subtilis resulted in the selection of clones that bound to only one of 11 spore strains [34] . Similarly, clones selected from a phage display scFv library screened against Clostridium difficile toxin B were highly specific and showed no crossreactivity with strains of C. difficile that are toxin-B negative. The single-chain antibody could also be used to detect as little as 10 ng of toxin B when used in ELISAs [35] .
Identification of bacterial adhesins
Microbial infections are initiated by molecular interactions between the pathogen (through cell surface adhesins) and receptor molecules on host cells and the extracellular matrix (ECM), resulting in microbial adhesion, which can be followed by internalization [36, 37] . It is well established that the adhesion of enteric, oral and respiratory bacteria is required for colonization [37] . Furthermore, when bacteria adhere to surfaces, they are substantially more resistant to host antimicrobial defences [38] . Adherence to structures such as the ECM is, therefore, a key step in the development of disease. The ECM consists of a complex mixture of macromolecules including collagens, fibronectin, fibrinogen, vitronectin, laminin and heparin sulfate [38] , all of which function as ligands for bacterial adhesion.
With the continued rise in antibiotic resistance in bacteria, there is an urgent need to find alternative ways to combat microbial and, specifically, bacterial infection. Inhibition of bacterial adhesion is one potential therapeutic approach but usually requires an intimate knowledge of the adhesins involved in infection.
Phage display lends itself perfectly to the investigation of possible binding partners for a particular ligand and this application of phage display was first exploited by Jacobsson and Frykberg [39, 40] to identify genes encoding bacterial proteins that interact with host proteins. By constructing libraries from random fragments of bacterial genomic DNA (i.e. shotgun phage display) and subsequent panning against components of the host, such as proteins of the ECM, host serum or plasma, it is possible to identify bacterial genes that encode cell surface adhesins. Microbial proteins (including cell-bound and soluble proteins) that bind to mammalian target proteins were termed 'receptins' by Kronvall and Jonsson [41] . Following the initial description of gene-III-based phage display to identify genes coding for ligand-binding domains of bacterial receptins by Jacobsson and Frykberg [39] , many genes involved in host-pathogen interactions (from a variety of bacterial species) have been discovered using phage-display systems ( Table 2 ).
The majority of these studies have been carried out using gene-VIII-based vectors such as the pG8H6 or pG8SAET phagemid vectors developed by Jacobsson and Frykberg [40, 42] . Panning of pIII-based libraries tends to select for fusion proteins with the strongest interaction with the ligand of choice but only a small fraction of pIII libraries contain functional inserts [43] . Use of pVIII generates phage with multiple copies of recombinant proteins but the selection process tends to select for lower affinity interactions.
Shotgun phage display has also been used in the mapping of binding domains within proteins coded by genes of interest. Instead of random fragmentation of genomic DNA from a particular species, a previously identified gene of interest is fragmented by sonication and used to generate a single-gene phage display library. This approach has been used to map fibronectin-binding activity to two C-terminal domains of the fibronectinbinding protein FNZ of Streptococcus equi [44] , the IgG Review and b 2 -glycoprotein-I-binding domains of the Sbi protein of S. aureus [42, 45] and the IgG and albumin-binding domains in two cell-surface receptors, MAG and ZAG, from group C streptococci [46] . The application of shotgun phage display to the identification of bacterial virulence factors has been further extended by Frykberg and colleagues, with the development of phagemid vectors that only enable the display of bacterial exported proteins [47, 48] . Many exported microbial proteins are adhesins, enzymes or toxins, all of which might have a role in pathogenicity. The libraries constructed by the shotgun method might not achieve full coverage of bacterial genomes for two reasons: (i) the low transformation efficiency of E. coli limits the number of primary clones (i.e. those containing unique inserts); and (ii) only one in 18 clones displays fusion proteins (see earlier). However, despite these limitations, the success of this method is obvious considering the numbers of shotgun phage display libraries that have been used to identify novel genes that encode putative bacterial receptins and protein binding domains ( Table 2 ). Use of this technique identifies multiple microbial genes encoding proteins that potentially interact with the host in a single panning experiment and such results provide a starting point to determine the importance of various bacterial genes in pathogenesis. It is likely that phage display NPLs will become even more widely used in the study of infectious diseases, particularly because the growing number of available bacterial genomes means that the DNA fragments that encode phage-displayed peptides and proteins can be easily mapped to a particular bacterial gene.
Concluding remarks
The study of infectious diseases has benefited greatly from phage display technology. This technique has many advantages: the link between phenotype and genotype, the enormous diversity of variant proteins displayed within a single library and the flexibility of selection that can be performed in vitro or in vivo. Earlier limitations on this technique (such as the unsuitability of pIII-or pVIII-based filamentous phage display systems for the display of cDNA coding for peptides or problems with protein conformation) have been circumvented by continual development of the technology. The versatility of phage display means that it can be adapted easily to many different areas of research, as highlighted by the variety of biological questions to which phage display has been applied. It has yielded interesting and important results in the study of infectious diseases, not least in epitope mapping, the identification of potential vaccine candidates and bacterial adhesins. However, the vast potential of phage display is such that there are many more ways of applying the technology to these areas of research. There is certainly scope for developing new strategies to identify host receptors for microbial products by panning in vivo in animal models or against ex vivo tissues or organs. There are numerous examples of synergistic relationships between opportunistic bacteria that could be examined by panning phage display libraries against each other to investigate interactions between microbes. Perhaps the most exciting potential use of phage display in the study of infectious diseases is in comparative genomics. The number of sequenced microbial genomes has increased greatly in the past ten years and continues to do so as more genomes are sequenced. This will enable detailed bioinformatic analysis of genes identified by panning of NPLs and a comparison of the genes implicated in pathogenicity between groups of closely related bacteria.
